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Purpose: Intravascular optical coherence tomography (IVOCT) is a catheter based image modality
allowing for high resolution imaging of vessels. It is based on a fast sequential acquisition of A-scans
with an axial spatial resolution in the range of 5 to 10 µm, i.e., one order of magnitude higher than in
conventional methods like intravascular ultrasound or computed tomography angiography. However,
position and orientation of the catheter in patient coordinates cannot be obtained from the IVOCT
measurements alone. Hence, the pose of the catheter needs to be established to correctly recon-
struct the three-dimensional vessel shape. Magnetic particle imaging (MPI) is a three-dimensional
tomographic, tracer-based and radiation-free image modality providing high temporal resolution
with unlimited penetration depth. Volumetric MPI images are angiographic and hence suitable to
complement IVOCT as a co-modality. We study simultaneous bimodal IVOCT MPI imaging with
the goal of estimating the IVOCT pullback path based on the 3D MPI data.
Methods: We present a setup to study and evaluate simultaneous IVOCT and MPI image acqui-
sition of differently shaped vessel phantoms. First, the influence of the MPI tracer concentration
on the optical properties required for IVOCT is analyzed. Second, using a concentration allowing
for simultaneous imaging, IVOCT and MPI image data is acquired sequentially and simultaneously.
Third, the luminal centerline is established from the MPI image volumes and used to estimate the
catheter pullback trajectory for IVOCT image reconstruction. The image volumes are compared to
the known shape of the phantoms.
Results: We were able to identify a suitable MPI tracer concentration of 2.5 mmol L−1 with negli-
gible influence on the IVOCT signal. The pullback trajectory estimated from MPI agrees well with
the centerline of the phantoms. Its mean absolute error ranges from 0.27 mm to 0.28 mm and from
0.25 mm to 0.28 mm for sequential and simultaneous measurements, respectively. Likewise, recon-
structing the shape of the vessel phantoms works well with mean absolute errors for the diameter
ranging from 0.11 mm to 0.21 mm and from 0.06 mm to 0.14 mm for sequential and simultaneous
measurements, respectively.
Conclusions: MPI can be used in combination with IVOCT to estimate the catheter trajectory
and the vessel shape with high precision and without ionizing radiation.
Keywords: Biomodal Imaging, Magnetic Particle Imaging (MPI), Intravascular Optical Coherence Tomog-
raphy (IVOCT), Luminal Centerline, Vessel Phantoms
I. INTRODUCTION
Optical coherence tomography (OCT) is a tomographic imaging method providing very high spatial resolution
between 5 and 10 µm1. OCT has a high temporal resolution of above 1 MHz2,3 for its 1D imaging depth profiles called
A-scan. Since OCT has only a limited penetration depth in tissue in the range of 1 to 2 mm, its main application
is near surface imaging such as in ophthalmology, dermatology, odontology, and intravascular imaging. In order to
use OCT for intravascular imaging, the OCT fiber is integrated into a catheter and scanning is realized by rotating
a prism at the fiber tip to acquire A-scans virtually orthogonal to the catheter. Hence, intravascular OCT (IVOCT)
allows imaging vessel boundaries in cardiovascular applications and offers a spatial resolution that is more than one
magnitude higher than intravascular ultrasound (IVUS), computed tomography angiography (CTA), or magnetic
resonance angiography (MRA). Primarily, IVOCT is used to assess the vascular wall morphology, e.g., for diagnosis
of atherosclerosis and thin-cap fibroatheroma4.
While IVOCT offers very high spatio-temporal resolution, one major challenge is that the position and orientation
of the A-scans in the global patient coordinate frame is unknown. A simple model assumes motion along a line
and uses the known rotation and the pullback speed to calculate the orientation and position of the A-scans. This,
however, neglects that the vessel is not perfectly straight and it does also not take non-linear movements during
the pullback and non-uniform rotations into account. In order to estimate the path of the catheter movement – the
so-called pullback trajectory – IVOCT can be combined with a second image modality showing the catheter and vessel
in patient coordinates. Digital subtraction angiography (DSA) is often used for this purpose5. But DSA only provides
2D projection images and in order to get a 3D trajectory two DSA images have to be taken from different angles.
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2These 2D trajectories from both DSA images can then be extruded perpendicularly to the angiographic planes forming
two surfaces. From the intersection of the two surfaces the 3D trajectory can be estimated6. In principle, this can
be achieved from successive monoscopic images. Additionally, aspects like bi-planar acquisition and compensation for
cardiac and respiratory should be considered in that case7. Other drawbacks of DSA are its use of ionizing radiation
and a contrast agent (iodine) that cannot be used in all patients. e.g., in the case of kidney diseases8–10.
The purpose of this work is to investigate an alternative to DSA with the new tracer-based imaging method magnetic
particle imaging (MPI), since MPI is predestined for vascular imaging with its 3D information, high temporal resolution
and unlimited penetration depth11,12. MPI does not use radiation but only applies static and oscillating magnetic
fields that are safe for the patient, if the oscillating fields strength is within the safety constraints of the peripheral
nerve stimulation (PNS)13 and the limits for the specific absorption rate (SAR) are satisfied14–16. Super-paramagnetic
iron-oxide particles (SPIOs) provide the contrast in MPI, which have been already used extensively for the human
body in MRI17,18. MPI has proven to be suited for vascular imaging19–21 while offering a spatial resolution in the
range of 0.5 to 5 mm. This suffices to quantify vascular stenosis22,23. Catheters and guide wires can be coated with
magnetic nanoparticles enabling their visualization in MPI24. Using multi-spectral reconstruction techniques25, it is
even possible to simultaneously image the coated instrument/catheter and the blood pool tracer making navigation
tasks possible. Using long circulating tracers26, the vessel tree can be visualized over several hours which is a huge
advantage over the use of tracers in the DSA setting where iodine has to be regularly injected. Since MPI imaging
can be performed in 3D, MPI is advantageous for determining the pose of vessels in 3D space.
To establish the feasibility of combining OCT and MPI, we first analyze the influence of MPI tracers on the
OCT signal to identify a suitable concentration allowing for bimodal imaging. Second, we describe an approach
to reconstruct volumetric IVOCT images based on the MPI data. Third, we present results for an experimental
evaluation of the proposed method. For comparison, we consider different assumptions regarding the vessel shape when
reconstructing image volumes for vessel phantoms of different shape. Our results indicate that improved volumetric
imaging is feasible for both sequential and simultaneous IVOCT and MPI imaging.
II. MATERIAL AND METHODS
A. Optimization of the imaging protocol
Generally, we consider the situation where the IVOCT catheter is already placed at the position in the vessel tree
where a high resolution OCT measurement is planned. Placement of the catheter could be realized by labeling the
catheter and the guidewire with an MPI visible marker and performing an interventional navigation procedure as
outlined in21. In principle, the imaging could be realized sequentially, e.g., by first studying the vessel shape using
MPI and subsequently acquiring the IVOCT A-scans. However, with a suitable tracer concentration it would be
possible to acquire the images simultaneously. This would be preferable to monitor the actual catheter motion during
pullback. The two approaches are sketched in Fig. 1.
In the sequential imaging mode, first the MPI measurement is performed while the IVOCT catheter is not pulled
back. When using a long circulating MPI tracer, no additional tracer has to be injected as the vessel is already visible
in MPI. After the MPI image was taken, the IVOCT catheter is fed forward and the blood has to be flushed with
an optically transparent solution because otherwise the OCT beam would be absorbed by the blood and would not
reach the vessel boundary. While in clinical practice iodine is used for flushing the vessel4 in order to simultaneously
measure it with DSA, in the bimodal IVOCT MPI setting one could use a NaCl solution. During flushing, the IVOCT
catheter is pulled back and the OCT measurement is performed.
In the simultaneous imaging mode, the MPI measurement is performed during the pullback. In general, MPI is
based on magnetic particles and the concentration of SPIO has a direct impact on the signal strength. In addition
to that, SPIO particles act as scatterers and the tracer therefore changes the attenuation of the infrared light used
for IVOCT. Hence, higher SPIO concentrations increase the MPI signal and decrease the OCT signal, and vice versa.
To establish a suitable trade-off allowing for good signal-to-noise ratios (SNR) for both modalities we study different
SPIO concentrations.
B. Experimental Setup
The bimodal imaging experiments are performed with a pre-clinical MPI scanner27 (MPI PreClinical, Bruker).
The scanner has a bore diameter of 118 mm and can be used for imaging small animals such as rats and mice. For
the IVOCT measurements a custom made setup connecting a catheter (Dragonfly Duo Kit, Abbott) with an outer
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Figure 1: Scenarios for bimodal IVOCT MPI imaging. In the sequential scenario the MPI dataset a) is acquired prior to the
IVOCT data b). In the simultaneous scenario both MPI and IVOCT measurements are performed simultaneously.
diameter of 0.9 mm to a spectral-domain OCT device (Telesto I, Thorlabs) is used. The setup allows direct control
of pullback and rotation and access to timestamps and raw OCT spectra.
The combination of both imaging devices is sketched in Fig. 2. Phantoms are placed in the MPI device and the
catheter is fed into the phantom. A custom made adapter connects the fiber in the catheter with a fiber attached to
the OCT device. The two fibers are connected through a rotary coupler and the adapter uses a DC motor to rotate
and a stepper motor to pull back the fiber inside the catheter. The control software of the IVOCT measurement setup,
which is implemented in C++ and running on a dedicated controller PC, reads a trigger when the MPI is starting its
image sequence and in turn controls the catheter motion and the OCT image acquisition. The MPI device with the
sample and the custom made adapter are also shown in Fig. 3.
1. Vessel Phantoms
We have designed three different vessel phantoms shown in Fig. 4 to mimic relevant vessel shapes: a stenosis
phantom and two phantoms with Z-shape and U-shape. We choose a total phantom length of 25 mm and an inner
diameter of 2.5 mm (stenosis narrow part 1.5 mm). The landmarks on each side of the phantom (dashed red lines) in
Fig. 4 are used to co-register MPI and IVOCT images and crop the resulting 3D volumes.
All phantoms are 3D printed with a 3D printer based on stereolithography (Form 1+, Formlabs). This printer
offers a high resolution of 0.05 mm in all axis. A white colored resin (FLGPWH01, Formlabs) is used for printing,
resulting in solid phantoms with 65 MPa ultimate tensile strength and a Young’s Modulus of 2.8 GPa after curing.
2. MPI Acquisition Parameters
The preclinical MPI scanner features three orthogonal sinusoidal excitation fields with frequencies of fx =
2.5/102 MHz, fy = 2.5/96 MHz, and fz = 2.5/99 MHz. The excitation amplitude is set to 12 mT in all three di-
rections. The resulting imaging period length is 21.54 ms resulting in a frame rate of 46.43 Hz. The gradient of
the selection field responsible for spatial encoding is set to 2.0 T m−1 in z-direction and 1.0 T m−1 in the x- and y-
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Figure 2: The overall setup including MPI, catheter adapter, OCT, and a controller. The phantom (a) is placed in the MPI
system and the catheter extending into the phantom (b) is connected to the adapter. The adapter realizes rotation and
translation of the fiber inside the catheter. It is connected to the OCT by a second fiber (c) and a rotary coupler (d). Dashed
lines illustrate communication between the components.
Figure 3: Left: MPI sample holder and the custom made adapter in front of the MPI system. Right: A vessel phantom with
an IVOCT catheter inside before being inserted into the MPI system.
directions. The resulting field of view (FoV) is 24 mm× 24 mm× 12 mm. For signal reception a custom build receive
coil is used28. The MPI data acquisition is performed with the software Paravision from Bruker.
Prior to image reconstruction, it is necessary to perform a calibration scan, which consists of moving a small
delta sample filled with SPIOs through the FoV while measuring the system response at all attended positions. The
resulting data forms the MPI system matrix that describes the relation between the induced voltage signal and the
particle distribution. In this work, the system matrix is measured at 35× 25× 13 positions covering a volume of
35 mm× 25 mm× 13 mm. The volume is chosen slightly larger to circumvent artifacts at the FoV boundaries29. The
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Figure 4: CAD models of the 3D-printed vessel phantoms. The dashed lines with distance l=25 mm indicate the positions of
phantom landmarks for later co-registration methods.
delta sample has a size of 1 mm× 1 mm× 1 mm and is filled with 1µL Perimag (micromod, Rostock) with an iron
concentration of 10 mmol L−1. The same batch of SPIOs is used in the phantom measurements.
3. IVOCT Acquisition Parameters
The spectral-domain OCT system uses a central wavelength of 1315 nm and provides an A-scan rate of fOCT =
91 kHz. The axial FoV in air is approximately dFoV = 2.66 mm and each A-scan contains P = 512 pixels. Assuming
a constant refractive index of water nH2O = 1.33 yields a pixel spacing ∆ = dFoV/P/nH2O = 4.0 µm for the area
between the catheter and the phantom wall.
The custom made catheter adapter is operated at a frequency of approximately frot = 16.6 Hz and a pullback
velocity of vpull = 0.75 mm s
−1. Within the MPI drive-field FoV, the catheter is pulled back over a distance of
s = 25 mm. This results in an IVOCT measurement time of tmeas = 33.3 s and an acquisition of M ≈ 3 ·106 A-scans
based on tmeas = s/vpull and M = fOCT · tmeas.
C. Data Processing
The MPI and IVOCT data is processed in the following way. First, the MPI and OCT data are reconstructed yielding
a volumetric 3D image and a set of A-scans respectively. Second, the A-scans are used to calculate cross-sectional
IVOCT images. For assembly of these IVOCT images to a complete volume scan, we compare two state-of-the-art
methods and our approach which uses information derived from the MPI volume.
1. MPI Image Reconstruction
For MPI image reconstruction a first-order Tikhonov-regularized least-squares approach
argmin
c
‖Sc− u‖22 + λ‖c‖22 (1)
is considered, where S ∈ CM×N is the MPI system matrix, u ∈ CM is the measurement vector and c ∈ CN is the
particle-concentration vector. The least-squares problem is iteratively solved using the Kaczmarz method, which is
known to converge rapidly for MPI system matrices30,31. The respective MPI data processing is implemented in our
own framework written in Julia.
The reconstruction parameters are optimized based on visual inspection of the reconstructed images. The number of
Kaczmarz iteration is set to 1 while the regularization parameter λ is set to λ = λ0 ·10−3, where λ0 = trace(SHS)N−1.
2. OCT Image Reconstruction
The OCT system is based on a Michelson interferometer. Within the coherence length of the light source, the
reflected light from the reference arm and the sample arm interfere and a spectrometer records the resulting spectrum.
Given the spectrum of the light source S(k) and a finite number M of ideal reflections in the sample arm, the acquired
6x
y
catheter
0◦
A-scan
φ(t)
0◦ φ(t)
r
360◦
r,φT
x,y
x
y
0◦
a) b) c)
Figure 5: a) IVOCT B-scan acquisition. By continuous rotation of the prism inside the catheter (blue circle), a sequence of
radial A-scans (bright red line) at time-dependent angles φ(t) is acquired. b) A-scans covering a complete cycle (light red disk)
are represented in polar coordinates. c) Respective A-scans in Cartesian coordinates. The actual cross-sectional IVOCT B-scan
in Fig. 6 is related to the Cartesian representation.
signal is proportional to
ID(k) =S(k)
(
Rr +
M∑
m=1
Rm
)
+ S(k)
M∑
m=1
2
√
RrRm (cos[2k(zr − zm)])
+ S(k)
M∑
m=1
M∑
n=1,n6=m
√
RmRn (cos[2k(zm − zn)])
(2)
where Ri is the reflectivity, zi the path length till reflection, and the index r refers to the reference arm
32. While the
first term in Eq. (2) mainly represents a static offset related to the used light source, the desired information about
interference between reference and sample arm is encoded in the second term. The third term describes the effect
that also the different reflections within the sample arm interfere pairwise.
OCT data reconstruction described below is implemented in MATLAB and performed individually for each raw
data spectrum measured with the OCT device. First, the offset term in Eq. (2) is compensated by background
subtraction. As the data is not sampled equidistantly w.r.t. wave number k, a re-gridding step is then necessary.
Finally, apodization using a Hann window and fast Fourier transform are applied to obtain the complex A-scan
signal. Only the absolute values are stored as the A-scan data.
3. IVOCT Volume Reconstruction
In an IVOCT setup, the OCT device acquires a temporal sequence of A-scans during rotation and pullback. A
sequence of N A-scans represents one complete rotation of the prism, where N depends on the acquisition rate and the
rotation speed. Although the A-scans are actually acquired on a helical trajectory due to the continuous pullback, they
are usually visualized as a planar slice. This is justified by the very small pullback distance srot = vpull/frot = 45µm
during a rotation.
The slice is created by discretizing the interval [0, 2pi) to N equidistant points and assigning them to the A-scans.
As each pixel of an A-scan represents a certain depth r, we can interpret the sequence as a polar representation of
the slice as shown in Fig. 5b). After transformation to Cartesian space, we obtain a cross-sectional image (B-scan) of
the vessel. The acquisition is illustrated in Fig. 5c) for the static case without pullback.
To obtain a volumetric 3D image of the vessel phantom, we implemented several image processing steps in MATLAB
which are described in the following. We first need to segment the lumen boundary in each B-scan (Fig. 6). In order
to simplify the segmentation process, the polar representation of the B-scans in Fig. 5b) is used. The boundary is
segmented with an edge detection algorithm after several preprocessing steps (removal of catheter, filtering, threshold-
ing, morphological operations) as introduced by de Macedo et al.33. After lumen segmentation, we need to spatially
7Figure 6: The image origin OC of each B-scan is used for
aligning in method A. Instead, methods B and C use the
center of mass CMOCT of the lumen boundary.
Figure 7: Center of mass CMMPI in each MPI yz-slice (red
squares) for a U-shaped vessel phantom shown in xy-slice.
The trajectory is used to align the IVOCT B-scans to a
volumetric image.
align the acquired sequence of Cartesian B-scans and containing lumen areas. With the pullback distance s=30 mm
and distance l=25 mm of the phantom landmarks, each IVOCT pullback consists of B-scans with narrowed lumen
diameter. These landmarks are used to crop the IVOCT volumes on both sides and co-register the MPI and IVOCT
data in method C to each other. This co-registration is applied with an implementation in MATLAB. Additionally,
for morphologically correct reconstruction, the spatial trajectory of the catheter within the vessel has to be estimated.
Even for a straight vessel, it will not be perfectly straight in practice because the catheter tip is subject to motion, e.g.,
due to pulsation, blood flow, or curvature in the path to the adapter. Tip motion estimation is further complicated
by other artifacts, e.g., non-uniform rotations (NURD)4. We will consider three different methods to align B-scans,
two state-of-the-art reference methods labeled A and B and our proposed MPI-based pathway estimation method C.
Method A In the simplest approach, the origins Oc (Fig. 6) of the B-scans are equidistantly stacked along a straight
line of length l. This approach assumes a perfectly straight catheter trajectory and neglects any motion of the catheter
as well as the structure of the vessel (Fig. 8, left).
Method B The previously segmented lumen boundary is used to calculate the lumen’s center of mass CMOCT
(Fig. 6)34. Afterwards, the B-scans are equidistantly stacked such that their CMOCT are located on a straight line.
This method takes into account that the catheter will not always be at the same position within the vessel cross-section
(Fig. 8, center).
Method C The method also uses the center of mass of the lumen for aligning the B-scans. But instead of assuming
a straight line, the trajectory of the catheter is estimated from MPI data. The static 3D MPI tomogram is analyzed
slice-wise along the x-direction using our software tool written in Julia. For each yz-slice, the center of mass CMMPI
is determined using a submillimeter-accurate algorithm35. By interpolation of the positions CMMPI to the number
of IVOCT B-scans, the corrected trajectory follows. The CMOCT of each B-scan is then placed along the resulting
trajectory (Fig. 8, right) reflecting the actual shape of the vessel as depicted in Fig. 7.
After the spatial alignment of the B-scans, the segmented lumen boundaries are used to generate the 3D image
volume.
D. Experiments
The experimental approaches to study the trade-off with respect to the signal strength and the feasibility of bimodal
imaging and image reconstruction are described below. Additionally, an in-vivo feasibility study to estimate the shape
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Figure 8: Assumptions and limitations of the three investigated IVOCT volume reconstruction methods. Left: Method A stacks
the origins of the B-scans, i.e., catheter centers, along a line and is able to reconstruct a straight vessel if the catheter trajectory
is parallel to it. Center: Instead, method B uses the center of mass of the vessel lumen in each image as the reference point.
Thus, it is possible to recover a straight vessel shape, even if the catheter is not at the same position in each cross-sectional
image. Right: In method C, the centerline of the vessel is extracted from MPI data and used to estimate the catheter trajectory.
Using this method, arbitrary vessel shapes can be recovered in the reconstructed IVOCT volume.
of vessels in a mouse model is illustrated.
1. Influence of SPIOs on the optical signal quality
To investigate scattering, absorption and reflection in the OCT data related to the MPI sensitive SPIOs, we
considered a series of different perimag SPIO concentrations as listed in Table I. All concentrations are detectable
with the MPI device whereas the image quality in terms of SNR and spatial resolution improves with the SPIO
concentration28.
Each solution from the series is filled inside a vessel phantom with an inner diameter of 2.5 mm and an OCT
measurement is performed using only the rotation and no pullback. The OCT data is analyzed with respect to the
OCT mean signal intensity around the vessel border. With the help of optical assessment and the course of the mean
signal intensity a suitable SPIO concentration is determined.
Table I: Concentrations of the dilution series used for optical fraction measurements. Water without perimag SPIOs is used as
reference concentration c10.
num c1 c2 c3 c4 c5 c6 c7 c8 c9 c10
dilution [n] 1 2 4 8 16 32 64 128 256 −
iron concentration [mmol L−1] 50 25 12.5 6.75 3.13 1.56 0.78 0.39 0.19 0
2. Phantom Study
To study the actual volume reconstruction, MPI images and A-scans were acquired for the sequential and simulta-
neous acquisition scenarios. We use three differently shaped phantoms (stenosis-like, Z-shaped, and U-shaped) shown
in Fig. 4.
3. In-vivo Feasibility Study
To investigate the feasibility to perform simultaneous measurements of MPI and IVOCT, we have conducted an
in-vivo MPI experiment in a mouse where 60µL Resovist has been injected as a blood pool tracer in the tail vein of
an anesthetized mouse. The injected bolus of iron oxide particles has a concentration of 87 mmol(Fe)/L. The MPI
selection field gradient of 1.5 T m−1 with an excitation amplitude of 14 mT is chosen. This results in MPI FoV of
37 mm× 37 mm× 19 mm. In order to obtain anatomical background information of the in-vivo mouse, an Magnetic
Resonance Imaging (MRI) scan is performed previously before the MPI experiment. The MRI scan is conducted
with a 7 T preclinical MR scanner (Bruker) using a respiratory triggered T2-weighted 2D turbo spin echo sequence in
sagittal orientation. The chosen MRI parameters for the 2D turbo spin echo sequence are a FoV of 44.6 mm× 90.0 mm
with matrix discretization of 222 x 448 and 28 slices with a thickness 0.8mm. Both images are registered manually
by rigid transformations with the help of fiducials, which can be identified in both imaging modalities.
9Figure 9: Polar IVOCT images for perimag concentrations c1, c3, c5, c7, and c10 (water) inside the phantom. At the highest
concentration c1 in a) you can identify a slightly denser scattering as compared to the other concentrations. This effect is
underlined by a less intense signal at the edge of the phantom compared to the other concentration.
Figure 10: Mean intensities with standard deviations from area of the vessel walls (dashed black box in Fig. 9) for perimag
dilution series c1-c10. The mean intensity increases up to the concentration of c4 and remains on the same level for the following
concentrations.
III. RESULTS
A. Influence of SPIOs on the optical signal quality
Normalized IVOCT images in polar coordinates for concentrations c1, c3, c5, c7, and c10 are shown in Fig. 9(a-e).
For the highest concentration c1 in Fig. 9(a) more scattering is visible. This results in lower reflection intensity values
in the vessel walls compared to vessel walls at concentration c3, c5, c7, and c10 in Fig. 9(b-e). By comparing the OCT
images of c5-c10, one can notice almost no difference with respect to scattering and reflection at the vessel wall. This
visual impression agrees with a comparison of mean intensities in an area containing the vessel wall (dashed black
box in Fig. 9). They are plotted for all concentrations in Fig. 10 and show that the mean intensity does not increase
after concentration c4-c5. Therefore, a higher dilution factor than n=16-32 does not substantially improve the OCT
signal at the vessel wall.
Based on these findings, we selected a concentration of cexp = 2.5 mmol L
−1 with a dilution factor of n = 20 for the
pullback experiments. This concentration between concentrations c5 and c6 represents a suitable compromise between
signal strength in OCT and MPI measurements, respectively. An influence on the refractive index of water (1.33) and
the related OCT pixel spacing could not be identified (compare Section II B 3).
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Figure 11: Reconstructed MPI volumes as xz-slice of stenosis, Z-shape, and U-shape phantom. The red squares represent the
center-of-mass CMMPI positions per yz-slice and result in the estimated three-dimensional IVOCT pullback pathway used for
method C.
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Figure 12: Estimated MPI catheter pathway compared to the CAD centerline for both scenarios and all three phantoms stenosis,
Z-shape, and U-shape. The 3D centerlines are only depicted in xz-planes where the blue lines represent the centerlines of the
CAD models and the red dots illustrate the center of mass CMMPI positions per yz-slice. These MPI centerlines are used for
the volume reconstruction method C.
B. Phantom Study
1. Pathway Estimation
In Fig. 11, the reconstructed 3D MPI volumes are shown as xz-slices for the stenosis, Z-shape and U-shape phantoms,
respectively. The estimated center of mass CMMPI positions per yz-slice are depicted as red squares.
In Fig. 12, the estimated pathways from Fig. 11 are analyzed quantitatively by comparison to the centerline ground
truth of the CAD models. The estimated pathways are given for the sequential and simultaneous application scenario
and they are in good agreement with the centerlines from the CAD models for both scenarios. The mean absolute
error (MAE) for both scenarios and all three phantoms is in the range of 0.25 mm to 0.28 mm as summarized in
Table II. The standard deviation σ ranges from 0.21 mm to 0.35 mm for both scenarios and all phantoms. The paired
t-test is used to calculate p-values for the differences of both methodologies sequential and simultaneous per phantom
type. For the stenosis phantom the p-value is 0.95, for the Z-shape it is 0.57 and for the U-shape phantom the p-value
is 0.55. It can be noted that the estimated MPI pathway is overall slightly flattened compared to the CAD centerline.
2. Volume Reconstruction
The reconstructed phantom volumes based on the three reconstruction methods are shown in Fig. 13.
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Table II: Mean absolute error (MAE) and standard deviation σ calculated for the MPI estimated pathway to CAD centerline.
We use a paired t-test to check the results of the two methods for a significant deviation.
Phantoms Stenosis Z-shape U-shape
Sequential MAE [mm] 0.28 0.28 0.27
Sequential σ [mm] 0.24 0.35 0.35
Simultaneous MAE [mm] 0.28 0.26 0.25
Simultaneous σ [mm] 0.21 0.32 0.34
p-value (paired t-test) 0.95 0.57 0.55
Table III: Mean absolute error (MAE) and standard deviation σ of IVOCT diameter to CAD diameter for the sequential and
simultaneous method and three phantoms stenosis (wide), stensosis (narrow), Z-shape, and U-shape. P-values are calculated
with the paired t-test for differences of the diameters for both methodologies.
Phantoms Stenosis
(wide)
Stenosis
(narrow)
Z-shape U-shape
Sequential MAE [mm] 0.15 0.13 0.11 0.21
Sequential σ [mm] 0.04 0.03 0.12 0.16
Simultaneous MAE [mm] 0.12 0.07 0.06 0.14
Simultaneous σ [mm] 0.04 0.01 0.07 0.08
p-value (paired t-test) 10−99 10−63 10−99 10−99
Method A: The reconstructed phantom IVOCT volumes for both methodologies and all three phantoms show high
deviations from the CAD models. Twists and bends alongside the volume appear. In case of the stenosis phantom,
one can identify the wide and narrow parts but for the Z-shape and U-shape phantom, one cannot detect their actual
shape.
Method B: The volumes reconstructed with method B provide a better representation of the phantom shape. In
case of the stenosis, it resembles the phantom very much in both scenarios. In case of the Z-shape and U-shape
phantom, the volumes appear as well shaped cylinders for both scenarios. But they still do not comply with the CAD
models.
Method C: For method C, the reconstructed volumes resemble the shape of all three phantoms quite well. For
the stenosis phantom, the volumes for method C and method B look similar. For the Z-shape and U-shape volumes
a clear difference is visible. Both reconstructed volume shapes are conform with the ground-truth shapes of their
phantoms.
The reconstructed volumes from method C are also shown as xz-slices in 2D together with the cross-sections of the
CAD sketches in Fig. 14. The OCT lumen boundary is shown in red while the CAD model borders are depicted in
black. For both IVOCT volumes of the stenosis (simultaneous and sequential), the lumen boundaries largely coincide
with the border of the phantoms. For the IVOCT volumes of the Z-shape phantom, the deviations from the CAD
model increase and lumen boundaries appear a little more flattened. The lumen boundaries for the U-shape phantom
show some deviation from the CAD model but generally they follow the phantom shape rather well for both scenarios.
A comparison of the diameter for both sequential and simultaneous scenarios and all three phantoms to the ground
truth diameter of the CAD sketches is shown in Fig. 15. The statistical values of the mean absolute error and standard
deviation are presented in Table III. The results for the stenosis phantom are divided into the wide and narrow part.
For both scenarios the mean absolute error is between 0.07 mm (relative error 2.8%) and 0.15 mm (relative error 6.0%)
with a standard deviation of 0.01 mm to 0.04 mm. The mean absolute error for the Z-shape and U-shape phantom
ranges between 0.06 mm (relative error 2.4%) and 0.21 mm (relative error 8.3%) with a standard deviation between
0.07 mm and 0.16 mm. Additionally, we performed a paired t-test to investigate the significance of the differences
between sequential and simultaneous imaging with Julia’s HypothesisTests package. The null hypothesis that the
differences between pairs of values come from a distribution with mean µ0 can be rejected for all phantoms with a
significance level of 5% since the all p-values are below the significance level.
3. In-vivo Feasibility Study
The MPI and MRI images of the mouse model are overlayed in Figure 16. The organs and the skeleton are visible
in the gray value MRI image. The injected MPI sensitive SPIOs lead to different MPI signal intensity values and
are visualized accordingly, whereas a high concentration of particles per voxel lead to a increased intensity (red).
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Figure 13: IVOCT volume reconstructions for the three phantoms (stenosis, Z-shape, U-shape) of method A, B, and C shown
for both scenarios.
The transition of particles from the vena cava to the mouse heart is shown. The MPI FoV is highlighted with a red
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Figure 15: The diameters of the IVOCT volume boundaries compared with the three phantom diameters for the stenosis,
Z-shape and U-shape phantoms given for both scenarios.
bounding box. A centerline of the imaged vessel is indicated with a dashed line. Within the MPI FoV the smallest
diameter of the vessel is estimated with d = 0.8 mm.
IV. DISCUSSION
The results show that MPI is a suitable modality to complement IVOCT and to estimate the pullback path of
the catheter. Particularly, we demonstrate that imaging can be done sequentially or simultaneously. When the MPI
measurement is performed prior to the IVOCT measurement, the vessel could be flushed without SPIOs for the
IVOCT measurement. When the measurement is done simultaneously the vessel has to be flushed with SPIOs. We
have shown that both methods work similarly well and that the simultaneous measurement with flushed SPIOs have
no substantial negative influence on the IVOCT imaging. The SPIO concentration was adjusted to a range where the
solution was nearly transparent for IVOCT while still providing a very good MPI signal. With regard to the SPIO
studies, simultaneous measurements may be preferable, since it would allow for taking vessel movements into account
that could be synchronized between the MPI and IVOCT data.
When comparing the three different volume reconstruction methods, it is clear that the IVOCT image volume
based on the MPI trajectory estimate results in a much improved representation of the true vessel shape. Methods A
and B rely on the IVOCT data only and show substantial deviations from the ground-truth CAD phantom models,
especially for the curved phantoms. As the catheter position was not centered within the phantom most of the time,
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Figure 16: Sagittal slice of overlayed MRI and MPI images of a mouse with injected MPI sensitive SPIOs. The MPI FoV with
19 mm x 37 mm is highlighted with a red frame. The intensity values of the MPI signal are visualized with different colors
(red - high intensity, blue - low intensity). The transition of particles from the vena cava to the mouse heart is visualized. A
centerline of the visualized vena cava is approximated and indicated with black dots. At the smallest visible part of the vena
cava a diameter d of 0.8 mm is measured (arrows).
twists and bends alongside the volume appear for method A. While the center-of-mass approach in method B leads
to smoother surfaces, it still does not reflect the actual curvature of the phantoms. Method C combines IVOCT and
MPI data and the improved conformity to the CAD model is shown in Fig. 14.
The good agreement with respect to the shape is also supported by the quantitative analysis of trajectory and
diameter. Table II shows that MPI can effectively estimate the centerline of the vessel phantoms with a mean
absolute error of less than 0.3 mm. This is comparable to angiography36,37. A comparison of the p-values determined
with paired t-test show no significance with a significance level of 5% between the sequential and simultaneous methods
in terms of estimating the pullback pathway. The errors in the IVOCT estimated vessel diameter are low, ranging
from 0.06 mm to 0.21 mm and are likewise comparable to angiography. The rather precise estimation of the diameter
is also illustrated in Fig. 15. Note that the errors are computed with respect to the CAD models of the phantom and
thus can be considered end-to-end errors including errors from 3D printing, registration, and segmentation. Further,
the results of the performed t-test show that the difference between the sequential and simultaneous imaging method
are significant for all three phantoms. Since the overall mean absolute errors are lower for the simultaneous method
and its results are significantly different from the sequential method, it is indicated that the simultaneous imaging
method performs slightly better than the sequential method. Nevertheless, due to the small mean absolute error for
sequential and simultaneous both methodologies work within the error order of 0.21 mm-0.06 mm sufficiently well.
A larger deviation in the estimated diameter was found in the curved parts of the phantoms where the catheter had
to bend. These deviations can be explained by the fact that our current approach did not estimate the gradient along
the trajectory. Hence, the deviation could be mitigated by placing the B-scans perpendicular to the 3D estimated
pathway as illustrated in Fig. 8 (middle and right). Furthermore, the actual tip motion may not follow the vessels
centerline. While this was outside the scope of our feasibility study, it would be possible to label the catheter with a
specific MPI marker to track its motion inside a vessel, e.g., by using different magnetic characteristics allowing for
simultaneous multi-spectral MPI imaging of marker and vessel25.
One advantage of an improved spatial reconstruction of IVOCT is its more realistic representation of distances.
Particularly, machine learning approaches working on the raw image data may implicitly use the size of lesions as
a feature for classification38. When the actual shape information is neglected, such features cannot be derived, or
worse, irregular patterns in the A-scan alignment may add to overfitting.
In an in-vivo study we have illustrated the feasibility of MPI to image vessels in a mouse model. The shape of the
vena cava and adjacent heart is visible in MPI. Although the MPI resolution is not high enough to image smaller
vessels, e.g. coronary arteries or even the aortic arch, we have shown that an estimation of a vessel centerline for the
vena cava is possible in-vivo. Note, that we cannot obtain a quantitative analysis of the vessel shape, as there is no
ground truth. Moreover, an in-vivo study of bimodal IVOCT and MPI imaging is not feasible as the used imaging
catheter with diameter of 0.9 mm is too large to be inserted in mouse vessels. A practical advantage of using MPI
to estimate vessel shape and catheter trajectory is its non-ionizing nature. In contrast to risks of DSA8–10, MPI
could continuously monitor the vessel shape and catheter motion for long periods, particularly when long circulating
tracers are used26. Another advantage of combining MPI and IVOCT is the high temporal resolution2,11,12, allowing
to monitor and compensate motion. Clearly, so far our experiments have neglected any vessel motion. However, we
have shown that the MPI volume represents the vessel shape and we still have the potential to fully exploit the high
temporal resolution of 46 Hz of MPI. In the future, MPI has to prove its potential in a clinical setup with a human
study but to this date only preclinical scanners are available. After development of a human sized MPI scanner the
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presented method of combining MPI and IVOCT has to be validated within a clinical study.
V. CONCLUSION
We have analyzed different MPI tracer concentrations and demonstrated the feasibility to perform simultaneous
bimodal IVOCT and MPI imaging. The two modalities have different imaging depth and resolution, i.e., the very
high spatial resolution of IVOCT is combined with MPI’s ability to show the vessel shape in patient coordinates,
which is also demonstrated in an in-vivo feasibility study, without using ionizing radiation. We have successfully
used MPI based 3D catheter trajectory estimation to improve IVOCT image reconstruction. In conclusion, both
modalities complement each other and allow radiation free acquisition of high resolution images of a vessel’s shape
and morphology.
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